ABSTRACT Culicoides sonorensis Wirth and Jones transmits bluetongue virus and develops in a variety of polluted mud habitats. Egg desiccation tolerance was tested by obtaining eggs of known age, drying them, and placing them back on wet substrate. Eggs 4 Ð10 h old failed to hatch after 12 h of drying at 75% relative humidity (RH). Older eggs (28 Ð34 h) survived severe desiccation and Ͼ50% water weight loss. They regained their water within Ϸ2 h of rehydration. Relative to control eggs, average egg hatch was reduced by 36% after 12 h of drying, 79% after 24 h, 91% after 36 h, and 97% after 48 h. Some embryos (1%) survived and hatched after 60 h of drying and water losses of nearly 60%. Eggs in speciÞc 25Ð 40 h age categories did not differ in hatch after a 12-h desiccation stress; critical embryo age to survive drying is between 10 and 24 h. Humidity gradients relieved desiccation stress, and eggs appeared to regain water from saturated RH conditions. Individual, gravid C. sonorensis oviposited in 1-liter containers with an artiÞcial mud bank. If they laid eggs, 73% deposited them singly in lines ranging up to 5Ð 6 cm in length (meanderers), while 27% laid eggs in clumps (dumpers). Eggs were positioned an average of 45 Ϯ 12 mm back from waterline. Younger eggs, if laid in early evening, may not experience severe desiccation. Embryo recovery from such severe desiccation could be adaptive in ephemeral habitats where the species may have evolved.
Culicoides spp. are vectors of several important arboviruses of domestic and wild animals worldwide, including bluetongue virus (BTV) and epizootic hemorrhagic disease virus (EHDV) of ruminants (Kettle 1977 , Mellor et al. 2000 . However, very little is known about their immature stages, and especially about the eggs (Kettle 1977) . Most Culicoides spp., including the primary North American BTV vector, Culicoides sonorensis Wirth and Jones, are thought to overwinter in temperate zones as larvae, and their eggs are considered vulnerable to drying (Kettle 1977 , Mullen and Hribar 1988 , Mellor et al. 2000 . However, egg desiccation resistance or tolerance is known in other Dipteran families, including Stratiomyidae (Holmes et al. 2012) , Chironomidae (Convey 1992) , Culicidae (Minakawa et al. 2001 , Roberts 2004 , Urbanski et al. 2010 , Bader and Williams 2011 , and even in other genera of Ceratopogonidae (Rees et al. 1971 , Borkent and Craig 2004 , Ronderos et al. 2006 ). Egg diapause and overwintering are well known in some other hematophagous Diptera, most notably the ßoodwater or tree-hole mosquitoes (Sota and Mogi 1992 , Urbanski et al. 2010 , Lounibos et al. 2011 and Simuliidae (Shipp 1987 , Baba and Takaoka 1992 , Stoehr 1994 . The same phenomena have occasionally been described in Culicoides spp. (Parker 1950 , Isaev 1975 , Glukhova 1979 , Breidenbaugh and Mullens 1999 . Because so little research has been done, however, it is difÞcult to gauge how widespread egg desiccation tolerance or diapause may be in Culicoides.
Mechanisms of C. sonorensis persistence and overwintering are of particular interest because the details of temperate zone BTV trans-seasonality have yet to be elucidated. In southern California, C. sonorensis adults can be collected year round, though their numbers drop signiÞcantly during the winter months (Gerry et al. 2001) . In Germany, adult Culicoides have been collected during the winter, but the numbers were deemed too small to maintain BTV transmission (Napp et al. 2011) .
Regardless of the life stage(s) primarily involved in overwintering, the environmental tolerances of all stages are important to the year round activity and survival of a species, especially those that use ephemeral aquatic habitats. The immature stages of C. sonorensis are found most commonly in dairy wastewater ponds in southern California, though they can also be found in other, more transient polluted water sources (puddles, trough spillover, etc.) (OÕRourke et al. 1983) , more similar to the habitats in which the species likely evolved. In these unpredictable habitats, desiccation tolerance would be advantageous.
We observed in our lab colony that the eggs of C. sonorensis were able to survive considerable water loss, and could rehydrate and hatch successfully upon rewetting. To test the extent of this tolerance, we subjected groups of eggs to increasing periods of desiccation before transferring them back to a moist substrate to hatch, and thereby determined their survival. Desiccation tolerance of eggs was then examined in light of the ecology of this species, and its possible adaptive beneÞts discussed with reference to persistence under suboptimal environmental conditions.
Materials and Methods
Eggs were obtained from a colony (VR) of C. sonorensis, reared at the University of California, Riverside. This colony was established in 1995 from a southern California dairy and has been maintained using established rearing protocols since that time (Hunt 1994) . Oviposition occurred after gravid females were provided with moist Þlter paper pads (egg sheets) overnight. Egg sheets were collected over speciÞed time periods (known egg age) and kept moist under normal colony conditions (a photoperiod of 15:9 [L:D] h and 25Ð27ЊC) until they were used in experiments.
Individual Culicoides eggs were beyond the weighing capabilities (nearest 0.001 mg) of the Sartorius M2P microbalance used (Sartorius AG, Goettingen, Germany). At the designated time, therefore, groups of Ϸ200 Ð300 eggs were placed into a number of small preweighed tinfoil weigh boats, taking care not to transfer skin oils etc. to the foil. Eggs were allowed to air dry for a short period (Ϸ10 min) until surface moisture had evaporated before initial weighing. After weighing, eggs were held in plastic relative humidity (RH) chambers over a saturated NaCl solution to achieve a stable 75% RH (Winston and Bates 1960) . Four RH chambers (one for each designated time point) were held in an environmental chamber kept at 23 Ϯ 0.1ЊC. The egg groups from each RH chamber were removed at the designated time, and reweighed to assess water loss. Eggs were then transferred to a moist substrate (wet cotton on a 1% agarose gel) under colony room conditions. Any clumps of eggs were gently separated using a minuten pin to ensure uniform reabsorption of water, and to allow assessment of individual egg hatch later. Eggs were monitored for hatching at 12Ð24 h intervals, and the date and time of Þrst observed hatch was recorded. After 3Ð5 d, the number of both hatched and unhatched eggs was counted per group, and the hatch rate for each replicate was calculated. Six replicates per time point were used in all experiments. Due to logistical considerations (time required for egg handling and experimental setup), some experiments were done in multiple stages over time. Variations used for each experiment are described below:
Desiccation Time. Duration of the egg stage for C. sonorensis under laboratory rearing conditions (25Ð 27ЊC) is Ϸ2 d (Hunt 1994) , and requires 65 h at 23ЊC (Vaughan and Turner 1987) . Two ages of eggs were tested for desiccation tolerance. By collecting eggs deposited over a 6-h period, eggs 28 Ð34 h old (older eggs) and 4 Ð10 h old (younger eggs) were obtained and held in the RH chambers for 12, 24, 36, and 48 h. After it became clear that some eggs could tolerate 48 h of desiccation, a second group of 28-to 34-h-old eggs was held in the desiccation chamber for 48, 52, 56, and 60 h. This was done twice for each group of time points (12Ð 48 h and 48 Ð 60 h). In an attempt to determine more precisely when during development eggs acquired desiccation tolerance, egg sheets were provided to colony of C. sonorensis and were removed and replaced every hour. Eggs of ages 25, 30, 35, and 40 h old were held in the desiccation chambers for 12 h (enough to cause some impact on egg hatch), replaced on moist substrate, and then checked for egg hatch. This experiment also was done twice.
Responses to a Relative Humidity Gradient. To look at the effect of more gradual humidity changes on egg hatch, groups of 28-to 34-h-old eggs were Þrst held in the normal 75% RH environment. After 12 h, eggs were removed, weighed, and transferred to a second RH chamber over a saturated solution of KCl, to achieve 85% RH (Winston and Bates 1960) . After a further 12 h, eggs were removed from the 85% RH environment and weighed, and transferred to a Þnal RH chamber over distilled water, to achieve Ϸ100% RH. After 12 h in this Þnal RH, eggs were weighed and allowed to hatch as before. The total water loss and the percent change in water loss among the three RHs (and hatch rates) were calculated and compared with the desiccation time experiment eggs (75% RH only). This experiment was done once.
In both the desiccation time and RH gradient experiments, a group of Ϸ500 eggs from the same batch as was used for treatment was set up to hatch in the same manner at the time of the initial weighing (control eggs). Date and time of the Þrst observed hatch was recorded, and hatch rate was calculated in the same way.
Oviposition on Natural Substrate. Individual gravid colony of C. sonorensis females were allowed to oviposit on a natural substrate to determine where the eggs would be placed relative to waterline. Surface mud was collected from the edge of a dairy wastewater pond in San Jacinto, CA, and frozen (Ϫ20ЊC) to kill any wild larvae. The mud was then thawed and homogenized. Mud (170 g) was added to each of the twenty 1-liter plastic containers, which were 8.5 cm in diameter at the bottom. The mud slope was Ϸ15 degrees, simulating the edge of a wastewater pond. Mud was allowed to set for 1 h. A 25% "pond water" solution was prepared using the water that had been drained off the mud plus deionized water. Twenty milliliters of the pond water solution was added back to each cup, providing an area of standing water Ϸ1 cm deep (covering Ϸ25% of the total cup bottom area), leaving 6.5 cm (horizontal distance) of mud above the waterline.
One gravid C. sonorensis female was placed in each cup in late afternoon. Twenty individual cups and individual females were used on each of two dates (total n ϭ 40). Cups were covered with a Þne mesh and kept in ambient laboratory conditions (23.0 Ϯ 2.0ЊC) overnight. The next day, all cups were frozen brießy to kill females. Dead females were removed and held individually in 70% ethanol at room temperature for later dissection. Using a dissecting microscope, the mud surface was inspected for oviposition, and observations were made on egg placement. As presented below, females were categorized as either "meanderers" (eggs laid in a linear fashion) or "dumpers" (eggs laid in a dense group). For dumpers, the maximum and minimum horizontal distance of each group of eggs from waterline was measured. The distance from waterline of individual eggs was measured for all meanderers. The number of eggs laid by each female was recorded. Females later were dissected to determine if they retained any eggs.
To determine possible differences in water content of surface mud at different distances from waterline, Þve cups were prepared in the same way as before, but no females were added (blanks). Small strips (1 cm in width and 2 cm in length) of surface mud (upper 5 mm) were removed from just above waterline (0 cm), the midpoint (3.25 cm), and the top of the mud incline (6.5 cm). In blanks 1Ð 4, these samples were taken in late afternoon right before females were added to the experimental cups. In blank 5, the samples were taken the next morning just before the experimental cups were frozen. A second group of samples was collected from blanks 1Ð 4 at the same time as blank 5. All samples were weighed, kept in a desiccation chamber for 42 h, and reweighed to calculate water content.
All data on proportion water loss or hatch rate were transformed to the arc sin of the square root for analysis. The raw data are reported in the Þgures and tables. In all experiments, analysis of variance (ANOVA) was used to look Þrst at the effect of experimental trial on water loss and hatch rate. If trial effect was found not to be signiÞcant, trials were pooled for further ANOVA. The control eggs (allowed to hatch normally with no experimental manipulation) for each trial of each experiment were used as a pooled baseline control for ANOVA comparisons. As a Þnal check, 2 analysis was used to compare the mean hatch rates of treatments in each trial (number of eggs hatched versus unhatched) to the control eggs checked for hatch in that trial.
Results
Desiccation Time. Younger eggs, 4 Ð10 h old, lost water quickly and uniformly (Table 1) . There was no signiÞcant difference in the mean water loss among any of the treatment (desiccation) times in trial 2 (F ϭ 0.49; df ϭ 3,20; P ϭ 0.691). There were problems with the microbalance in trial 1, and so the water loss data from this trial were not included in the analysis. With the exception of a single hatched egg in trial 2, the youngest Culicoides embryos did not survive desiccation for even 12 h, at which time the eggs had lost 36.9 Ϯ 10.5% (trial 2) of their original weight. Eggs collapsed essentially completely, and no eggs hatched in any of the treatment groups following rehydration.
For more developed eggs (28 Ð34 h old), however, mean water loss increased steadily with increasing desiccation time (Fig. 1) . There was no signiÞcant effect of experimental trial on mean water loss (F ϭ 2.54; df ϭ 1,38; P ϭ 0.119), so trials were pooled. There was a highly signiÞcant desiccation time effect (F ϭ 71.39; df ϭ 3,42; P Ͻ 0.001). Eggs desiccated for 12 h were visibly collapsed but lost less weight (22Ð24%) than eggs desiccated for 48 h, with just over half of their weight (50 Ð51%). Such eggs were severely collapsed.
Collapsed eggs, upon placement back onto moist substrate, regained their normal shape quite quickly, within Ϸ2 h. If they survived, they appeared to hatch on a fairly normal schedule as expected for undried eggs, minus the time dried. Following rehydration, mean hatch rate of the 28-to 34-h-old eggs decreased with longer desiccation times (Fig. 1) . Control eggs hatched at an overall rate of 67.8 Ϯ 13.9%. For all pairwise comparisons, control egg hatch was signiÞ-cantly different from all of the desiccation time treatments ( 2 Ն 170.7; df ϭ 1; P Ͻ 0.001), so even a 12-h drying time decreased hatch signiÞcantly. General linear model analysis showed a signiÞcant trial effect on mean hatch rate (F ϭ 18.59; df ϭ 1,38; P Ͻ 0.001), so the trials were analyzed separately, but showed similar trends. The effect of desiccation time (up to 48 h) on mean hatch rate was highly signiÞcant for both trial 1 (F ϭ 62.46; df ϭ 4,25; P Ͻ 0.001) and trial 2 (F ϭ 67.90; df ϭ 4,27; P Ͻ 0.001). On average, hatch rates were reduced by 36.6% (12 h), 79.1% (24 h), 91.0% (36 h), and 96.6% (48 h) compared with the pooled controls.
Despite the large amount of water lost by eggs desiccated for 48 h, some successful hatch (0.83Ð3.7%) was still observed. When the time of desiccation was extended, we still did not observe complete embryo mortality, even out to 60 h (0.5 Ϯ 0.29% hatch; Table  2 ). Two-way ANOVA showed no signiÞcant effect of trial on either water loss or hatch rate, so the two 48 Ð 60 h trials were pooled. Though signiÞcantly different overall, the relative mean water loss of these older eggs among the four time points was less variable than was seen in the earlier trials (F ϭ 3.63; df ϭ 3,44; P ϭ 0.020). The mean hatch rates were signiÞcantly different over time (F ϭ 305.41; df ϭ 4,51; P Ͻ 0.001), with eggs desiccated for 48 h having a higher mean hatch rate than those desiccated for 60 h. Chi-square analysis showed hatching in all treatments to be highly signiÞcantly different from the control ( 2 Ն 952.9; df ϭ 1; P Ͻ 0.001).
Eggs that were more precisely categorized within the 25-to 40-h age range, and then stressed by a 12-h desiccation exposure, showed variability in both water loss and hatch rates. Two-way ANOVA showed signiÞcant trial effects on both mean water loss and mean hatch rate, so the two trials were analyzed separately. All treatments resulted in reduced (relative to controls) but still reasonably good embryo survival in both trials (24.2 Ϯ 2.51Ð57.8 Ϯ 10.3% hatch). Mean water loss among the time points differed signiÞcantly for both trial 1 (F ϭ 9.57; df ϭ 3,20; P Ͻ 0.000) and trial 2 (F ϭ 20.83; df ϭ 3,20; P Ͻ 0.001), with the 25-h-old eggs having the least amount of water loss in both trials (Table 3) . While mean hatch rates differed for trial 1 (F ϭ 7.77; df ϭ 4,27; P Ͻ 0.001) and trial 2 (F ϭ 23.20; df ϭ 4,37; P Ͻ 0.001), there was no clear relationship to initial egg age. Chi-square analysis showed the mean hatch rate of all treatment eggs to be signiÞcantly different from the control of that trial, but the 25-and 35-h-old eggs in trial 1 and the 25-h-old eggs in trial 2 were not signiÞcantly different from the pooled control.
Responses to a Relative Humidity Gradient. For the RH gradient experiment, Þrst we compared the mean water loss during each of the three desiccation intervals (0 Ð12 h and 75% RH, 12Ð24 h and 85% RH, 24 Ð36 h and 100% RH) to the net mean water loss over the course of the experiment (Fig. 2) . The raw data were used for this analysis because the 24 Ð36 h eggs had negative water loss values, indicating that the eggs regained water during this interval, and so could not be transformed. The effect of each interval was signiÞcant (F ϭ 122.16; df ϭ 3,20; P Ͻ 0.001), though the mean water loss of the 0-to 12-h eggs and the net mean water loss were not signiÞcantly different. To conÞrm this, the net mean water loss was compared with the pooled mean water loss of the desiccation time (older eggs, 12Ð 48-h desiccation) experiment, using the transformed data. Again, the net mean water loss was not signiÞcantly different from the mean water loss of the 12 h eggs (data not shown). Finally, the mean hatch rate was compared with the mean hatch rates of each trial of the desiccation time experiment (older eggs, 12Ð 48-h desiccation; Fig. 3 ). Compared with trial 1, the net mean hatch rate was not signiÞcantly different from that of the 12-and 24-h eggs. Compared with trial 2, the net mean hatch rate was not signiÞ-cantly different from only the 12-h eggs.
Oviposition on Natural Substrate. In the oviposition experiment, the day that the mud samples were taken (afternoon of setup versus the following morning) had no effect on the water content of the mud (F ϭ 0.60; df ϭ 1,20; P ϭ 0.449). The distance from waterline from which the mud samples were taken did signiÞcantly affect the water content (F ϭ 4.66; df ϭ 2,23; P ϭ 0.020). Samples from the water edge (25.5 Ϯ 4.05% moisture) and 3.5 cm back from the edge (25.3 Ϯ 5.78% moisture) did not differ, but samples from the furthest point above waterline (6.5 cm) were drier (19.4 Ϯ 4.70% moisture).
The proportion of females that oviposited was 0.75 (30/40). Of those that did oviposit, the proportion described as meanderers (eggs laid in a line) was 0.73, and the proportion described as dumpers (eggs laid in clumps) was 0.27. Most females appeared to have laid their entire clutch at once, with either a continuous line or a cohesive batch. Eggs laid in lines were separated evenly by Ϸ2 mm, and a line of eggs could be as long as 5Ð 6 cm. Occasionally females did lay two different, spatially discrete egg batches, or deposit the egg batch in spatially discrete lines. Most females laid the majority of their eggs above midpoint of the mud bank (n ϭ 17). Three oviposited below midpoint, four oviposited on the surface Þlm of the water, and six oviposited on the side of the cup. A femaleÕs eggs were not included in the analysis of distance from waterline of individual eggs unless the substantial majority of the eggs were laid on the mud. The average distance above water line of eggs laid by meanderers was 45.1 Ϯ 11.7 mm, with the maximum being 65 mm and the minimum being 12 mm. The average distance above water line of eggs laid by dumpers was 44.4 Ϯ 24.2 mm, with the maximum being 62.7 mm and the minimum being 7 mm. The average number of eggs laid per female was 97.4 Ϯ 46.9. Upon dissection, only two females that oviposited retained eggs. The Þrst female retained two eggs, while the second retained only one.
Discussion
The eggs of C. sonorensis were able not only to tolerate more environmental stress than previously believed, but this study showed that they could tolerate physical collapse (Fig. 4) , and weight losses of Ͼ50% without complete mortality. This exceeds the desiccation tolerance of even Aedes albopictus (Skuse), the eggs of which were found to tolerate water losses of only 25Ð27% (Urbanski et al. 2010) . Most of the lost weight was assumed to be water. Egg survival was dependent on two main factors: 1) the amount of water lost from the egg (reßecting desiccation time) and 2) the level of development of the egg. Weight loss was rapid over the Þrst 24 h. It appeared that little or no additional water was lost after 48 h, and that the very low hatch rate (viability of some embryos) was also maintained at least out to 60 h. We therefore have not yet reached the maximum limits of how long some of the C. sonorensis eggs may be viable in their desiccated state. Most eggs of this species, even if older and relatively capable of tolerating substantial drying, were killed by desiccation, and 69.0 and 88.0% failed to tolerate 24 h of drying in trials one and two respectively. Still, while most eggs were killed, it could be signiÞcant that even a small proportion can tolerate such severe treatment.
Our observation that eggs must reach a certain point in development to achieve this tolerance supports observations of Culicoides pulicaris (L.) and Culicoides punctatus (Meigen) in England by Parker (1950) . He exposed groups of 20 eggs (aged 0 Ð5 d) of C. pulicaris and C. punctatus (referred to in his paper as C. pulicaris punctatus) to severe and rapid drying in a calcium chloride desiccator (32% RH) for 12, 18, 24, and 48 h. Eggs that were treated immediately after being laid experienced complete mortality at all time points, whereas some eggs that were 1 d old or older survived. For C. pulicaris, excluding the youngest eggs, hatch rates were the highest for eggs desiccated for 12 h (mean: 80.8%), and decreased as desiccation time increased, with 11.2% hatch after 18 h, and 5.50% hatch after 24 h. For C. punctatus, again excluding the youngest eggs, hatch rates were the highest after 12 h (mean: 91.2%) and decreased to 21.0% after 24 h. For both species, he observed survival increase with egg age, with complete mortality after 48 h of drying.
Egg survival of other adverse conditions also increases with age. For example, C. sonorensis eggs are only able to tolerate a salinity level of 34.0 o / o (equivalent to 100% seawater) after they are tanned (Linley 1986) . None of the 4-to 10-h-old C. sonorensis eggs in our experiment hatched even after a relatively short 12 h of desiccation, which caused less water loss (trial 2: 36.9 Ϯ 10.5%) than experienced by some older eggs desiccated for 48 h (lost 57.8 Ϯ 2.58% water). However, the 4-to 10-h-old eggs did lose more water over 12 h of desiccation than the 28-to 34-h-old eggs did over the same time period (22Ð24%). The younger eggs in our experiment appeared to be fully sclerotized, but it is possible that the chorion was either relatively permeable to water loss or that the younger embryo was relatively more susceptible to damage.
We attempted to test whether some of the reduction in hatch rate of the older eggs desiccated for 12 h could be explained by age variation in the groups of 28-to 34-h-old eggs (i.e., perhaps eggs that were closer to 28 h old did not hatch while those that were closer to 34 h old did). We examined the desiccation tolerance of eggs at 25, 30, 35, and 40 h of age. In these trials, both the raw water loss and hatch data gave no indication of one age being more or less tolerant than the others; all could tolerate water loss fairly well. The signiÞcant differences between the hatch rates in these trials were likely due to natural variation in hatch rate and might reßect more variable mating efÞciency in those groups of insects in the laboratory.
We observed a relatively wide range in the hatch rates of the control eggs (41.3Ð 82.0%). Similar variation has also been noted in other experiments involving hatch rates of Culicoides eggs. In colony, C. sonorensis hatch rates range from Ϸ75Ð95% (Hunt and Tabachnick 1995) . The maximum and average hatch rates of eggs from Þeld-collected Culicoides obsoletus (Meigen) and Culicoides impunctatus Goetghebuer are 82.2 and 44.9%, and 89.6 and 50.5%, respectively (Service 1968) . The average hatch rates for Culicoides furens (Poey), Culicoides hollensis (Melander and Brues), and Culicoides melleus (Coquillett) range from 45.5 to 90.4% (Koch and Axtell 1978) . Natural variation in the response to desiccation was also evident in the differences between trials in our experiment; however, the relative responses were the same.
Regardless, we can conclude that the important developmental point for C. sonorensis desiccation tolerance must occur somewhere between 10 and 25 h postoviposition. This observation that desiccation tolerance requires a minimum level of development is supported by work with mosquitoes. In Culicidae, desiccation tolerance is correlated with development of the serosal cuticle, which occurs between 11Ð13 h postoviposition in Aedes aegypti (L.) (Rezende et al. 2008) , and 8 Ð14 h in Anopheles gambiae Giles (Goltsev et al. 2009 ). Surface lipids on the chorion have also been implicated in egg desiccation tolerance in mosquitoes (Urbanski et al. 2010) .
During the course of the experiment, we noticed that some of the eggs that did not hatch failed to do so because the shells were physically shredded. This damage must have occurred after the eggs had been set up to rehydrate and hatch, because eggs were normally intact immediately after they were placed on the moist substrate. This damage may have been due to excessively rapid reabsorption of water. We tested this hypothesis in the RH gradient experiment, and transferred eggs from 75 to 85% RH before exposing them to 100% RH (saturated conditions). The eggs ultimately (over 36 h) lost water at a level comparable to eggs that had been desiccated at 75% for 24 h. However, their net water loss was similar to that of eggs that had only been desiccated for 12 h. Eggs hatched at a rate comparable to those eggs desiccated at 75% RH for 12 h, despite being in an environment free of standing water for 36 h. Had these eggs been set up to hatch before the Þnal 24 Ð36 h and 100% RH interval, we can assume that they would have hatched at the same rate as the 24-h eggs. The desiccation tolerance mechanism may be more effective with a more natural, gradual reabsorption of water than that experienced by our experimental eggs.
Culicoides eggs are small and cryptic, and so have been difÞcult to Þnd in the Þeld. Very little information about oviposition can be derived from the few instances where they have been recovered. In one instance, C. sonorensis eggs were collected from the edge of a southern California dairy wastewater pond, 6 cm back from waterline (Mullens and Lii 1987) . In the laboratory, Þeld collected, gravid Culicoides vexans (Staeger) lay their eggs singly, and occasionally in groups, as do members of the obsoletus and pulicaris groups (Parker 1950 , Jobling 1953 . Culicoides paraensis (Goeldi) females lay their eggs singly, as they walk across the substrate in the laboratory (Roberts et al. 1977) . We observed very similar behavior in our experiment.
To our knowledge, this is the most detailed attempt to look at oviposition patterns in Culicoides. We observed that C. sonorensis females preferred to oviposit away from the waterline, with most of the females laying their eggs at or near the top of the mud arena. This was contrary to what we expected, because the risk of desiccation should be greater further away from the waterline. However, in colony, C. paraensis do not lay their eggs on the water surface, except in rare cases (Roberts et al. 1977) . We have anecdotally observed that too much moisture may be detrimental to egg survival. In one case where a female had oviposited on the surface Þlm on the water in the arena in our experiment, the eggs appeared to be split, similar to what was observed in the desiccation experiments after rapid rehydration. It is also possible that the eggs of Culicoides are unable to attach to the substrate when there is too much standing water (Becker 1961 ). We did not investigate this possibility.
We classiÞed the insects in the experiment as belonging to one of two behavioral groups: meanderers and dumpers. Meanderers were females that laid the majority of their eggs singly, along a distinct path, with individual eggs oriented parallel or perpendicular to the waterline. Dumpers were females that laid the majority of their eggs in dense groups, with the orientation of the eggs in each group being more or less the same. Of the 75% of females that oviposited, most were classiÞed as meanderers, supporting earlier observations on Culicoides oviposition. Dumping appears to be a much less common behavior and was not observed at all in trial 2. Egg dumping has been observed as an emergency reaction to stress (i.e., decapitation; Linley 1965) , and this appears to have been the case with at least one female that was found stuck in the mud next to her clutch. However, we also saw dumpers that laid their eggs in two distinct groups, indicating that the female must have been able to change its position during oviposition.
When thinking about desiccation tolerance as a means of surviving adverse conditions, we should consider the type of habitat in which C. sonorensis likely evolved. Obviously, C. sonorensis has not always used artiÞcial dairy wastewater ponds as oviposition and larval development sites. The species probably originally took advantage of temporary water sources, such as rivulets or puddles, which could dry out and return quickly. In these types of ephemeral habitats, egg desiccation tolerance would be an advantage.
C. sonorensis activity is mostly crepuscular or nocturnal, with a peak in gravid female ßight between sunset and the end of evening nautical twilight (Akey and Barnard 1983) . The presence of sac stage relics in females of the closely related Culicoides variipennis (Coquillet) caught during the night and at dusk similarly suggests nocturnal oviposition Schmidtmann 1982, Mullens and Rutz 1984) . Eggs laid overnight, and especially at dusk, would likely not be subjected to harsh temperatures and desiccation until the embryos were more fully developed. Nocturnal oviposition may be a way of protecting the youngest, and most susceptible, embryos from desiccation. We have yet to determine the limits of how long C. sonorensis embryos remain viable in their desiccated state, and future studies should be done to evaluate the potential importance of desiccation resistance as a mechanism to survive unfavorable periods.
